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Rapid screening of commercial CBD oils by heat-
assisted dielectric barrier discharge ionization
(HA-DBDI) mass spectrometry and correlation-
based fingerprinting
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The rapid expansion of the cannabidiol (CBD) market has created a need for efficient analytical methods

to assess product quality and authenticity. Traditional chromatographic techniques, while accurate,

require extensive sample preparation and are unsuitable for high-throughput screening. This study pre-

sents a heat-assisted dielectric barrier discharge ionization mass spectrometry (HA-DBDI-MS) approach

combined with correlation-based fingerprinting for the rapid grouping of commercial CBD oils. The inte-

grated heating element facilitates thermal desorption of semi-volatile organic compounds from viscous

oil matrices, addressing a limitation in plasma-based ambient ionization. A systematic data processing

workflow was implemented to mitigate inherent signal variability through spectral averaging and total ion

current normalization. The methodology was evaluated using cannabinoid reference standards and com-

mercial CBD oil samples with varying concentrations, spectrum types, and formulations. Pearson corre-

lation analysis of the normalized spectral fingerprints revealed quantitative relationships consistent with

product characteristics, including CBD concentration and spectrum designation. Samples with identical

formulation parameters exhibited high correlation (r = 0.98), while products with distinct compositions

showed lower similarity values. The results demonstrate that this approach provides rapid preliminary

grouping based on overall phytochemical composition, offering a complementary screening tool to con-

ventional quantitative methods for quality control applications in cannabis-derived products.

1. Introduction

The rapid expansion of the global cannabidiol (CBD) oil
market, driven by evolving legislation and therapeutic
interest,1–5 has highlighted significant inconsistencies in
chemical profiling and labelling accuracy. These products are
complex mixtures of cannabinoids and terpenes, with compo-
sitions varying significantly by cultivar and extraction
method.3,6 Consequently, there is a pressing need for rapid
analytical techniques to ensure product quality and regulatory
compliance with international standards (e.g., FDA, EFSA).7,8

While traditional characterization via liquid chromatography-
mass spectrometry (LC-MS)6,9–12 offers high sensitivity, it is
often limited by extensive sample preparation and long
analysis times, rendering it unsuitable for high-throughput
screening.13

Ambient ionization-mass spectrometry (AI-MS) has
emerged as a powerful alternative, enabling the direct and
rapid analysis of samples in their native state with minimal to
no prior sample preparation.14–16 Among the various ambient
ionization techniques, plasma-based ionization sources are
particularly advantageous due to their simple design, low oper-
ational cost, and ability to generate ions from a wide range of
analytes under atmospheric conditions.17

Despite these benefits, the direct analysis of complex and
viscous matrices like commercial oil-based products presents
significant challenges for plasma-based ambient ionization
sources. The high viscosity and lipophilic nature of oil
matrices hinder efficient sample desorption and ionization.18

Moreover, the operation under atmospheric conditions intro-
duces inherent variability and poor reproducibility of the
intensity of the analytical signal due to possible fluctuations

aPHAETHON Centre of Excellence for Intelligent, Efficient and Sustainable Energy

Solutions, Nicosia 2109, Cyprus
bENAL Electromagnetics and Novel Applications Lab, Department of Electrical and

Computer Engineering, University of Cyprus, Nicosia 2109, Cyprus
cDepartment of Chemistry, University of Cyprus, Nicosia, 2109, Cyprus.

E-mail: elia.efstathios-andreas@ucy.ac.cy
dLaboratory of Chemical Engineering and Engineering Sustainability, Faculty of Pure

and Applied Sciences, Open University of Cyprus, Latsia, 2231 Nicosia, Cyprus
e4mat4nrg GmbH, 38678 Clausthal-Zellerfeld, Germany
fMedical School, University of Cyprus, Nicosia, 2109, Cyprus

This journal is © The Royal Society of Chemistry 2026 Analyst

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 3
:1

6:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal

http://rsc.li/analyst
http://orcid.org/0000-0003-0352-3213
http://orcid.org/0000-0003-2769-7066
http://crossmark.crossref.org/dialog/?doi=10.1039/d5an01179e&domain=pdf&date_stamp=2026-02-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an01179e
https://pubs.rsc.org/en/journals/journal/AN


in humidity, temperature, and atmospheric composition
during the analytical procedure.14,15 These factors, combined
with competitive ionization phenomena such as ion suppres-
sion and/or ion enhancement; and inconsistent sample posi-
tioning, can lead to unstable ion signal intensities, making
direct quantitative analysis unreliable.14,19 While several
approaches have been explored to address these challenges,
including the use of internal standards, surface sampling tech-
niques, and sample dilution, these strategies often compro-
mise the speed and simplicity that make ambient ionization
attractive for screening applications.14,15,17 Consequently, the
practical application of AI-MS for screening such products
often shifts from precise quantification to the generation of
characteristic chemical fingerprints for classification and auth-
enticity assessment.14,20,21 This approach requires a robust
methodological framework to process the inherently variable
raw data and extract reproducible information through chemo-
metric analysis.

In our previous work, we introduced a low-cost, Heat-
Assisted Dielectric Barrier Discharge Ionization (HA-DBDI)
source and demonstrated its fundamental capabilities for the
analysis of various food products and pharmaceutical com-
pounds.22 The incorporation of a heating element addresses a
critical limitation in the analysis of viscous matrices. The heat
assistance promotes the volatilization of semi-volatile and low-
volatility compounds from oil matrices, facilitating their trans-
port into the plasma region and enhancing ionization
efficiency.18 This feature is particularly relevant for cannabi-
noid analysis, as many target analytes exhibit limited volatility
at ambient temperature.23

Herein we extend the application of HA-DBDI-MS to the
analysis of complex samples such as CBD oils by establishing
a comprehensive fingerprinting workflow. The core of the pre-
sented methodology is a systematic data processing strategy,
integrating spectral normalization with correlation analysis,
designed to mitigate the signal instability inherent in plasma-
based ambient ionization. The generated fingerprints enable a
preliminary grouping of commercial samples based on their
overall phytochemical composition.20,24–26 It should be noted
that this application serves as a proof-of-concept to demon-
strate the method’s grouping capability, not as an exhaustive
validation of the products. Although the fingerprinting meth-
odology cannot resolve structural isomers without tandem MS
capabilities, it provides valuable compositional insights for
rapid, high-throughput quality control. Therefore, the
described study underscores the value of AI-MS fingerprinting
as a complementary tool for the rapid assessment of product
authenticity and quality alongside conventional quantitative
analyses.

2. Materials & methods
2.1. Standards, samples and reagents

Certified reference materials (CRMs) of Δ9-tetrahydrocannabi-
nol (Δ9-THC), cannabinol (CBN), and CBD, were purchased

from LGC Standards (Teddington, UK) as methanolic solutions
at a concentration of 100 μg mL−1. Individual stock solutions
were subsequently prepared by dilution in LC–MS grade
methanol to a final concentration of 1 μg mL−1. All stock solu-
tions were stored at −20 °C in amber glass vials to minimize
photodegradation and volatilization, ensuring the chemical
stability and integrity of the analytes throughout the study.

In addition to the CRMs, four commercially available CBD
oils, imported from international suppliers, were obtained
from a local retail CBD store.27 The samples were intentionally
selected to capture the diversity of products available on the
consumer market, encompassing differences in CBD concen-
tration, manufacturer origin, and additive composition.
Cannabinoid spectrum grouping was also considered, with
both full-spectrum and broad-spectrum formulations included
in the sample set. Full-spectrum hemp oil contains the com-
plete array of naturally occurring cannabinoids, including
legally permissible amounts of Δ9-THC, as well as terpenes,
flavonoids, and other phytonutrients. In contrast, broad-spec-
trum hemp oil retains many of these compounds but excludes
Δ9-THC, making it preferable for consumers concerned about
psychoactive effects.28 A detailed summary of the product
characteristics, as indicated on their packaging information, is
presented in Table 1.

2.2. HA-DBDI-MS system configuration

All mass spectrometric analyses were performed using an
Agilent Single Quadrupole LC/MSD (model G6125B) mass
spectrometer coupled to an in-house constructed HA-DBDI
source. The design, construction, and fundamental principles
of the ion source have been previously reported in detail.22 In
brief, the source utilizes a plasma reactor formed within a
150 mm borosilicate glass pipette (Volac), with the plasma sus-
tained between two external electrodes positioned with a fixed
12 mm gap. A schematic representation of the complete experi-
mental setup is provided in the SI (Fig. S1).

The plasma was sustained by a high-voltage square wave-
form (20 kHz) applied to the electrodes. The specific operating
parameters were tailored to each experimental phase. For the
initial characterization of reference standards, an intermediate
peak power of 4 W (2.0 kV, 2.0 mA) was employed to ensure
ionization from the solvent-based matrix. For the primary
application of spectral fingerprinting on commercial CBD oils,
an operating voltage of 2 kV (1.5 mA current) was applied,
corresponding to a nominal peak power of 3 W. This condition
was identified as optimal for soft ionization, preserving the
integrity of molecular ions within the complex oil matrix.
Furthermore, the influence of plasma power on ionization
efficiency was systematically investigated in a parametric
study, encompassing a range from 3 W to 7.5 W peak power,
as detailed in section 3.2. Helium (99.999%, KIMGAS) served
as the working gas of plasma at a flow rate of 0.5 standard
litres per minute (slm), regulated by a Bronkhorst MV mass
flow controller (serial number M21213861A). The source’s inte-
grated resistive heater was consistently operated at 8 W, raising
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the helium gas temperature to approximately 200 °C at the
pipette exit to facilitate thermal desorption of analytes.

The mass spectrometer was operated in positive ion mode
under the following standardized conditions; inlet tempera-
ture, 200 °C; drying gas flow rate, 5 L min−1; nebulizer gas
pressure, 0 psig; quadrupole temperature, 100 °C; and capil-
lary voltage, 0 V. Mass spectra were acquired across a mass-to-
charge range of m/z 100–1000, with a fragmentor voltage of
110 V, a gain of 1, and a step size of 0.1 m/z.

2.3. Sample analysis protocol

A standardized protocol was implemented and consistently
applied for the analysis of all CRM solutions and commercial
oil samples to ensure the highest possible degree of reproduci-
bility for the manual sampling process.

Sample collection and introduction were performed using
disposable glass Pasteur pipettes to eliminate carry-over and
cross-contamination between analyses. For each measurement,
the tip of a new pipette was dipped into the sample, withdraw-
ing a small (approx. 100 μL) and consistent volume of liquid
via capillary action. The pipette was then immediately posi-
tioned at the instrument inlet. The HA-DBDI source was
oriented at a fixed 135-degree angle relative to the MS inlet,
and the pipette tip was maintained at a consistent distance of
approximately 10 mm from the inlet orifice of MS throughout
the analysis.

Direct, static analysis of viscous oil samples can lead to
rapid signal decay due to localized sample heating, surface
depletion, or the formation of a non-volatile residue. To miti-
gate these effects and to obtain a more representative chemical
fingerprint integrated over the entire acquisition period, the
pipette tip was manually oscillated in at an approximate fre-
quency of 1.5–2 Hz over a approx. 5 mm distance from the
inlet orifice of the MS. The complex geometry of the instru-
ment’s front-end interface hindered the use of an automated
sample positioning stage, making a standardized manual pro-
cedure the most viable approach. While this manual procedure
introduces a degree of variability, which is reflected in the
short-term fluctuations of the total ion current (TIC), it was
found to be essential for generating a stable and representative

average mass spectrum for these challenging samples. For
each sample, mass spectral data were acquired for a total of
2 minutes.

2.4. Experimental design

The study was structured as a multi-stage, systematic investi-
gation, progressing from the characterization of pure reference
standards to the validation of the complete fingerprinting
workflow on complex commercial samples. The experimental
design was divided into three distinct phases to ensure a rigor-
ous evaluation of the methodology.

The initial phase focused on establishing the foundational
mass spectral characteristics of the primary cannabinoids.
CRM solutions of CBD, Δ9-THC, and CBN at a concentration
1 μg mL−1 were analysed individually. The objective of this
step was to identify their unique spectral features under soft
ionization conditions and to assess the intrinsic capability of
the spectral correlation method to differentiate the structurally
related, isomeric (CBD/Δ9-THC) and structurally related CBN
compounds.

Following the baseline characterization, a parametric study
was conducted to establish optimal plasma power conditions
for CBD oil fingerprinting. This analysis was performed
directly on a CBD oil sample, a decision necessitated by pre-
liminary findings (described in section 3.1 below) that demon-
strated severe ion suppression in standard solutions prepared
in volatile solvents. These solvent-based systems exhibit ioniza-
tion dynamics fundamentally different from those of a viscous
oil matrix. Consequently, Sample #1 was selected for this study
as it represents a high-concentration, broad-spectrum oil,
which provided a robust analyte signal that is free from addi-
tives. To this end, the study systematically evaluated three dis-
tinct power settings: a low-power “soft” ionization regime (3
W), an intermediate setting (5 W), and a higher-energy regime
(7.5 W), to identify the optimal balance between preserving
protonated molecule ion integrity and generating a rich, repro-
ducible spectral fingerprint.

Finally, building upon the insights from the standards ana-
lysis and the matrix-based optimization of CBD oils, the com-
plete analytical and data processing workflow was applied to

Table 1 Characteristics of the commercial CBD oil samples used in this study. Information was compiled from product labels and packaging

Sample
# Manufacturer Spectrum type

Packaging CBD and
Δ9-THC content Additives Carrier oil

1 A Full-spectrum (whole-
plant Cannabis sativa L.
extract)

10% CBD (1000 mg
per 10 mL), THC
“free”

Caprylic acid, glycerides, omega-3/6,
α-tocopherol (vitamin E)

Organic seed oil

2 B Broad-spectrum
(Cannabis sativa L.
extract)

7% CBD (700 mg per
10 mL), THC “free”

Piperine, natural coffee terpenes Coffea arabica seed
oil

3 C Broad-spectrum
(Cannabis sativa L.
leaves extract)

5% CBD (500 mg per
10 mL), THC “free”

No additives specified Medium-chain
triglyceride oil (MCT
oil)

4 A Broad-spectrum
(Cannabis sativa L.
extract)

5% CBD (500 mg per
10 mL), THC “free”

α-Tocopherol (vitamin E), linoleic acid,
capric acid, triglycerides, black pepper
extract (Piper nigrum)

Helianthus annuus oil
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the four commercial CBD oil samples as a promising proof-of-
concept. All commercial samples were analysed under the opti-
mized soft ionization conditions (3 W) established in the pre-
ceding phase.

This final stage served to evaluate the workflow’s efficacy in
generating distinct and distinguishable chemical fingerprints
from complex, real-world matrices, thereby demonstrating its
practical utility for rapid screening applications.

2.5. Data processing and spectral fingerprinting workflow

A systematic data processing workflow was implemented using
a custom script in MATLAB R2024b (MathWorks, USA) to
transform the raw data into robust and comparable chemical
fingerprints. A schematic overview of this entire process, from
the raw time-resolved data matrix to the final normalized fin-
gerprint, is provided in Fig. S2. The raw data files, acquired in
the proprietary Agilent .D format, were imported into the
MATLAB environment (Fig. S3.1), using the Chromatography
Toolbox (Version 1.4.0.0).29

A critical primary step in the workflow was the correction of
the mass-to-charge (m/z) axis. Preliminary analysis revealed
that the m/z values recorded by the instrument were not per-
fectly consistent between different analytical runs (Fig. S3.2), a
common instrumental artifact that prevents direct, point-by-
point comparison of spectra by chemometric methods. To
correct this, a common, fixed m/z axis was computationally
generated, spanning the range from m/z 100 to 1000 with a
uniform step size of 0.1 m/z. The raw intensity data from each
acquired spectrum were subsequently rebinned against this
corrected axis, creating a consistent data structure for all sub-
sequent analyses.

To generate a single, representative fingerprint for each
sample, all individual mass spectra (N = 75) within the acqui-
sition window were averaged, a process that effectively miti-
gates short-term signal fluctuations. The resulting corrected
spectrum m/z was then normalized to its TIC, calculated as the
sum of all intensity values across the m/z range of average spec-
trum. The sequence of these steps (first averaging, then nor-
malization) was employed to generate a stable and chemically
representative fingerprint spectrum. Averaging directly on the
raw data inherently assigns greater weight to time points
where the total ion intensity was higher. This approach func-
tions as a form of weighting, ensuring that the final average
spectrum is predominantly shaped by the most ion-productive
phases of the analysis, which are considered the most informa-
tive. Subsequently, the normalization by dividing by the sum
of all intensities (TIC normalization) converts absolute values
into a scale of relative abundances. This step is critical as it
removes the influence of total ion flux variations between
different analytical runs, thereby enabling the direct compari-
son of spectral patterns based on their internal structure
rather than their overall intensity. The combination of these
two steps effectively transforms the unstable, time-resolved
data into a single, distinctive, and comparable spectral finger-
print for each sample. A visual explanation for these averaging
and normalization steps is explicitly shown in section S2 of the

SI. It should be noted that background subtraction was not
applied in this workflow. Given the open-ambient nature of
the ionization source, where background conditions can be
dynamic, and the high signal intensity obtained from the oil
matrices, spectral averaging followed by TIC normalization was
deemed the most robust approach to preserve data integrity
without introducing subtraction artifacts.

Finally, the similarity between the normalized fingerprints
was quantified using the Pearson correlation coefficient (r).25

Pearson correlation was selected over rank-based methods
(e.g., Spearman) as it functions as a similarity index that pre-
serves the critical information of relative ion abundances
(spectral shape), which is essential for fingerprinting appli-
cations involving samples of varying concentrations.30 For this
statistical analysis, each fingerprint was treated as a high-
dimensional vector, and the correlation matrix for all sample
pairs was computed using the built-in corrcoef function in
MATLAB. All graphical representations were produced using
OriginLab Pro 2024b (OriginLab Corporation).

3. Results and discussion
3.1. Characterization and differentiation of cannabinoid
standards

The initial phase of the study involved characterizing the mass
spectra of CBD, Δ9-THC, and CBN CRM solutions to establish
their baseline spectral signatures using HA-DBDI. The analysis
was conducted under soft ionization conditions, selected to
favour the generation of the protonated molecule [M + H]+. As
presented in Fig. 1, the resulting mass spectra from the
solvent-based standards were complex, with the expected pro-
tonated molecules at m/z 315.1 (for CBD/Δ9-THC) and m/z
311.1 (for CBN) being heavily suppressed. Instead, the spectra
were dominated by a significant number of ions in the lower
mass range (m/z 100–300). Inspection of these signals reveals
repeating patterns separated by 32 Da (e.g., m/z 129, 161, 193),
characteristic of protonated methanol clusters [(MeOH)n + H]+,
alongside common ambient background ions. These abundant
species compete effectively for the available charge, leading to
significant ion suppression of the target analyte. This obser-
vation underscores the known challenge of charge competition
in direct analysis.31–33

A concentration of 1 µg mL−1 was selected to evaluate the
method’s performance at concentrations approaching the
detection limits reported for other plasma-based ionization
techniques.34 It is important to note that the signal intensity
in these CRM solutions suffers from ion suppression which is
common in plasma-based ionization.35 This contrasts with the
subsequent analysis of oil samples, where the absence of
solvent and the heat-assisted desorption lead to efficient
ionization. Furthermore, as ionization efficiency in plasma-
based sources is highly dependent on source geometry and
positioning,36 these results establish a specific baseline for the
HA-DBDI configuration used herein. To further verify this, we
analyzed standard solutions at 100 µg mL−1 (Fig. S5), where
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the protonated molecule dominates the spectrum, confirming
that the lower signal at 1 µg mL−1 may result from solvent-
induced charge competition.

Regarding the potential interference of background ions,
the comparative analysis of the CRM solutions provided intrin-
sic validation. While all standards were prepared as methano-
lic solutions, a peak at m/z 315.1 was observed in the cases of
CBD and Δ9-THC but was absent in the CBN spectrum
(Fig. 1b). This absence serves as a negative control, confirming
that the ion at m/z 315.1 originated from the analytes and not
from solvent background or environmental noise.
Furthermore, the reproducibility of these spectral patterns was
verified through replicate measurements (Fig. S4).

Beyond general characterization, a specific analytical chal-
lenge lies in differentiating the structural isomers Δ9-THC and
CBD. Consistent with prior literature, our initial visual assess-
ment indicated that their underlying mass spectral patterns
were largely indistinguishable (Fig. 1a and c). In techniques
such as electrospray ionization (ESI), this well-documented
similarity is often attributed to acid-catalysed in-source iso-
merization, which generates a common precursor ion
profile.37 While the plasma ionization used here operates
under different conditions, the observed spectral similarity

highlights a persistent difficulty that often necessitates special-
ized differentiation strategies.38,39

To investigate the differentiating capability of the proposed
fingerprinting approach, Pearson correlation analysis was
applied to the entire normalized spectral fingerprints (m/z
100–1000) of the three standards. Each spectral fingerprint
was generated by averaging and normalizing all raw mass
spectra acquired over a 2-minute window, ensuring a robust
representation of the chemical profile, the reproducibility of
which is demonstrated in Fig. S4. The resulting correlation
matrix (Fig. 2) revealed interesting trends. Contrary to the
initial expectation that the isomeric pair would exhibit the
highest similarity, a comparatively low correlation (r = 0.25)
was observed between CBD and Δ9-THC. Notably, a high corre-
lation (r = 0.96) was found between the fingerprints of Δ9-THC
and the non-isomeric, but structurally related, CBN.

These correlation patterns may be rationalized by consider-
ing the differing structures of the analytes and their potential
influence on gas-phase ion behaviour. Both Δ9-THC and CBN
possess a rigid, fused tricyclic ring system (Table 2). This con-
formational restriction likely channels ionization processes
through a similar set of energetically favourable pathways,
potentially resulting in highly comparable ion distribution pat-
terns despite differences in molecular mass of the analytes. In
contrast, CBD features two distinct ring moieties connected by
a flexible single bond. This conformational freedom may allow
the protonated molecule to access a wider range of spatial
arrangements in the gas phase, possibly opening multiple
competing ionization pathways not accessible to the rigid tri-

Fig. 1 Mass spectra of cannabinoid standards under soft ionization
conditions. The spectra correspond to (a) cannabidiol (CBD), (b) canna-
binol (CBN), and (c) Δ9-tetrahydrocannabinol (Δ9-THC). The spectra are
dominated by a complex series of low-mass ions attributed to the
ionization of solvent matrix, resulting in significant suppression of the
protonated molecule [M + H]+ at m/z 315.1 for Δ9-THC/CBD.

Fig. 2 Pearson correlation matrix. The correlation coefficients (r) were
calculated from the normalized spectra (m/z 100–1000) acquired under
soft ionization conditions. The values quantify the degree of similarity
between the spectral fingerprints.

Table 2 Chemical structures of the three primary standards. (a)
Cannabidiol (CBD), characterized by two ring moieties connected via a
single covalent bond, which allows for significant conformational flexi-
bility, (b) Δ9-tetrahydrocannabinol (Δ9-THC) and (c) cannabinol (CBN),
both featuring a rigid, fused tricyclic ring system

CBD Δ9-THC CBN
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cyclic structures, thereby yielding a distinct spectral
fingerprint.

A key concern in such analyses is whether the correlation is
driven by the analyte signals or the dominant background
noise. If the correlation were primarily dictated by the high-
intensity solvent ions (common to all samples), the similarity
indices would be uniformly high. However, the low correlation
observed between the isomeric pair CBD and Δ9-THC (r = 0.25)
demonstrates that the method used, successfully discriminates
between the two, based on unique spectral features rather
than the common background, proving the robustness of the
fingerprinting approach even in the presence of spectral noise.

Consequently, the correlation-based approach appears sen-
sitive to these fundamental differences in molecular topology,
offering a quantifiable perspective on structural rigidity versus
conformational flexibility in this context. While definitive con-
firmation of these specific ion formation pathways would
require further tandem MS investigations, the current analysis
provides a plausible structural basis for the observed corre-
lations and demonstrates the method’s potential to differen-
tiate these related compounds.

3.2. Effect of plasma power on ionization of commercial oils

To define optimal conditions for the viscous oil matrix, a para-
metric study was conducted using Sample #1 (a high-concen-
tration, broad-spectrum oil). This step was essential to define
optimal conditions that are relevant to the final application
and to understand how energy variations affect the integrity of
the entire spectral fingerprint, which includes contributions
from the primary analyte, characteristic ions, minor cannabi-
noids, and other phytochemicals present in the oil matrix. The
sample was analysed under three distinct power settings, a
low-power “soft” ionization regime (3 W), a medium-power
regime (5 W), and a high-power “harder” ionization regime
(7.5 W).

The resulting normalized mass spectra, presented in Fig. 3,
reveal a systematic trend. In sharp contrast to the solvent-
dominated spectra obtained from the analytical standards
(Fig. 1), the spectra from the oil matrix are remarkably clean,
with the protonated molecule of CBD/Δ9-THC, at m/z 315.1,
appearing as the base peak under all conditions. This obser-
vation confirms that HA-DBDI effectively and selectively causes
desorption and ionization of cannabinoids while the non-vola-
tile oil matrix remains largely intact, thus minimizing matrix-
based ion suppression and instrument fouling.

Crucially, the analysis reveals a direct relationship between
plasma power and the spectral characteristics of the analyte.
As the power was increased from 3 W to 7.5 W, the relative
intensity of the protonated molecule progressively decreased
from 0.11 × 10−3 down to 0.05 × 10−3; a reduction of ∼45.5%
(Fig. 3a–c). This systematic decrease in the abundance is a
strong indicator of a shift towards a “harsher” ionization
regime.

Detailed inspection of the data reveals that characteristic
fragment ions previously reported in the literature37,39 (e.g.,
m/z 259.1, 135.1) do not increase in abundance but rather

follow the decreasing trend of the protonated molecule. This
indicates that the significant reduction in signal intensity is
not primarily due to extensive ion dissociation, but likely
results from plasma dynamics, such as ion scattering or defo-
cusing effects caused by the increased plasma density, which
hinder efficient ion transmission to the mass spectrometer.40

For the purpose of spectral fingerprinting, where the goal is
to preserve the molecular information and create a stable,
reproducible pattern, the observed reduction in protonated
molecule abundance at higher power settings is undesirable as
it can introduce variability and obscure the subtle differences
between samples. Therefore, the low-power ionization con-
dition (3 W), which maximizes the signal of the protonated
molecule of CBD-or-Δ9-THC at m/z 315.1, was identified as
optimal and was subsequently used for the comparative ana-
lysis of all commercial samples.

3.3. Application of the fingerprinting workflow to
commercial CBD oils

The complete analytical and data processing workflow was
applied to the four commercial CBD oil samples (Table 1)
under the optimized conditions established in section 3.2.
This phase of the study was focused on investigating the work-
flow’s ability to generate stable and comparable fingerprints

Fig. 3 Effect of plasma power on the mass spectrum of a representa-
tive commercial CBD oil (Sample #1). The normalized spectra were
acquired at (a) 3 W, (b) 5 W, and (c) 7.5 W. As the power increases, the
relative intensity of the protonated molecule at m/z = 315.1 systemati-
cally decreases.
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from complex, real-world matrices, despite the inherent varia-
bility of direct, ambient analysis.

The TIC signal for each sample revealed significant fluctu-
ations, as illustrated in Fig. 4a. This instability is a character-
istic feature of plasma-based AI-MS, plausibly arising from a
combination of factors including minor variations in sample
positioning during manual oscillation, sample evaporation,
differences in viscosity and volatility among the various carrier
oils, and the dynamic nature of the plasma-sample
interaction.14,15,18 Relying on a single spectrum or the peak
TIC intensity under such conditions would likely lead to unre-
liable and non-reproducible results. The workflow of spectral
processing directly addresses this challenge. Averaging all
spectra across the acquisition window (Fig. 4b) and sub-
sequent TIC normalization (Fig. 4c), effectively mitigates short-

term fluctuations. The output of this process is a set of repre-
sentative and directly comparable spectral fingerprints for
each of the four commercial samples, as shown in Fig. 4c.

Visual inspection of these final fingerprints reveals that
while all samples share a peak at m/z 315.1, they exhibit
unique and discernible patterns in the lower-mass region.
These lower-mass signals (predominantly around m/z 280)
correspond to the varying fatty acid compositions of the
different carrier oils which are spectrally well-resolved from
the cannabinoid signal at m/z 315.1. For instance, Samples #1,
#2 and #4, which contain additives, appear to show a more
complex pattern of ions compared to Sample #3 which is addi-
tive-free. It is noteworthy that the normalized intensity values
for the oil samples (up to 0.2) are significantly higher than
those of the standard solutions (∼10−3). This difference arises

Fig. 4 Demonstration of the data processing workflow on the four commercial CBD oil samples. (a) The TICs show significant signal fluctuations
for all samples. (b) The average and (c) normalized mass spectra (fingerprints) generated after applying the complete processing workflow. Despite
the raw signal fluctuations, the resulting fingerprints exhibit distinct patterns, enabling reliable comparison.
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because, in the absence of a solvent background, the cannabi-
noid ions constitute a much larger fraction of the TIC, whereas
in the standards, the analyte signal is mathematically diluted
by the intense solvent noise during normalization.

3.4. Grouping of commercial oils using spectral correlation
analysis

The final step of this study was to quantitatively assess the work-
flow’s ability to perform a chemically meaningful differentiation
and grouping using the spectral fingerprints acquired under the
optimal 3 W condition. It must be noted that the limited sample
size (n = 4) of this proof-of-concept study precludes a rigorous
statistical validation for generalization. Nevertheless, statistical
analysis of small datasets can be valuable in an exploratory
context for revealing significant, indicative trends, provided the
underlying data are well-structured and the results are inter-
preted with appropriate caution. Indeed, the challenge of analys-
ing high-dimensional data from a very small sample support (a
p ≫ n problem) is well-documented, and robust approaches for
such scenarios have been established.41 Furthermore, it has
been demonstrated that exploratory analysis of small sample
sizes can yield reliable outcomes, particularly when the data
exhibit a strong underlying structure, such as clear groupings or
high correlations within classes.42 Given that our data show high
intra-group correlations (r up to 0.98), we proceeded with an
exploratory correlation analysis, interpreting the results within
the specific context of the samples analysed. The resulting corre-
lation matrix, visualized as a heatmap in Fig. 5, provides a quan-
titative overview of the relationships between the four samples.
All fingerprints exhibit a medium to high degree of similarity (r
≥ 0.71), reflecting their shared foundational chemistry as canna-
binoid products.

It is, however, critical to acknowledge a key limitation of
this interpretation. Without orthogonal validation using a con-
firmatory technique like LC-MS/MS, we cannot definitively
attribute this medium-to-high correlation solely to the stated
CBD content and spectrum type. It remains plausible that the
observed similarity could also stem from other unlisted
common ingredients, shared carrier oils with similar spectral
features, or even artifacts from analogous production pro-
cesses. Therefore, the groupings presented here should be con-
sidered preliminary and indicative of the method’s differentiat-
ing potential, rather than a definitive chemical grouping. The

most striking result is the correlation observed between
Sample #3 and Sample #4 (r = 0.98). This finding seems chemi-
cally intuitive; despite originating from different manufac-
turers and having carrier oils, they share the two most critical
formulation characteristics of the same “broad-spectrum” des-
ignation and the identical labelled CBD concentration (5%).
This finding suggests that likely the workflow is highly sensi-
tive to the core cannabinoid profile, which appears to be the
dominant contributor to the spectral fingerprint, outweighing
other compositional variations.

In contrast, the lowest correlations are observed for Sample
#2, particularly against Sample #3 (r = 0.71). This seems also
consistent with the product descriptions, as Sample #2 is the
most unique product, featuring a different CBD concentration
(7%), distinct additives (coffee terpenes, piperine) not present
in Sample #3 and different carrier oil.

An interesting finding emerges from the intra-manufacturer
comparison. Sample #1 and Sample #4, both from
Manufacturer A, exhibit the second-highest correlation (r =
0.95). This observation is particularly noteworthy given their
differences in both CBD concentration (10% vs. 5%) and spec-
trum type (full vs. broad). While based on a limited compari-
son of different samples from the same manufacturer, this
high similarity suggests the possibility of a “manufacturer sig-
nature”, potentially stemming from a common base extract or
proprietary processing methods. This preliminary observation
indicates that the workflow may be sensitive to such features, a
hypothesis that warrants further investigation with a larger
and more diverse set of samples from the same manufacturer.

In summary, although the sample set is small, the consist-
ent and logical alignment between the quantitative correlation
values and the qualitative product characteristics serves as a
promising proof-of-concept. The results indicate that the com-
bination of HA-DBDI-MS with this correlation analysis, or
more broadly with a chemometric analysis workflow is a prom-
ising tool for rapid screening and differentiation. However, to
move from preliminary grouping to robust grouping, future
work should include both a significantly larger sample set
and, crucially, orthogonal validation of the chemical profiles
using established techniques such as LC-MS/MS.

4. Conclusions

This study established a systematic analytical workflow inte-
grating HA-DBDI-MS with correlation-based fingerprinting for
the rapid screening of commercial CBD oils. By optimizing
data processing and employing soft ionization (3 W), we gener-
ated reproducible spectral signatures that preserved molecular
ion integrity despite the inherent variability of ambient ioniza-
tion. Application to four commercial samples yielded corre-
lation coefficients (r = 0.71–0.98) that aligned logically with
product characteristics. Specifically, the high correlation (r =
0.98) between identical formulations demonstrated the
method’s sensitivity to compositional differences, while manu-
facturer-specific signatures were also observed. Despite limit-

Fig. 5 The heatmaps represent the Pearson correlation matrix (r) for
the four samples, calculated from fingerprints acquired at 3 W. A chemi-
cally meaningful grouping is observed, with correlation values ranging
from 0.71 to 0.98.
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ations regarding structural isomer resolution and the small
sample size (n = 4), which necessitate further validation via
LC-MS/MS, this proof-of-concept demonstrates that
HA-DBDI-MS is a practical, low-cost, and rapid screening tool.
The discussed workflow provides a foundation for the quality
control of CBD products and other complex viscous matrices.
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